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.. - ABSTRACT submitted t o  t he  New York APS Meeting, January 1965. 

Exc i t a t ion  of 23P and 2IS S t a t e s  of Helium by 

Elec t ron  Bombardnent. 
* 

Helen ICeil Holt and Robert  IZrotkov 
Yale Universi ty  

Helium gas i s  bombarded by  e l e c t r o n s  t o  ob ta in  a beam of 

metastable atoms which are then analyzed i n  an  inhomogeneous 

magnetic f i e l d  and the  s p a t i a l l y  separated m = 0 and +1 a toms 

counted, Taking the  cross  sec t ion  for exc i t ing  the  2 S s t a t e  as 3 

known, an  upper l i m i t  f o r  t he  2's c ross  s e c t i o n  has been obtained 

as a func t ion  o f  e l ec t ron  energy. Similar ly ,  upper and lower 

l i m i t s  have been found f o r  t he  23P c ross  sec t ion ,  a l s o  as a func- 

t i o n  of energy. The lower bound i s  i n  rough agreement w i t h  the 

curve der ived by F r o s t  and Phelps , '  r ihile t h e  upper bound l i e s  

below t h e  curve ca l cu la t ed  by Nassey and PIoiseiwitsch.* 

p l a u s i b l e  but  uncer ta in  guess i s  m a l e  about t he  2 S cross sec t ion ,  

in ferences  can be drawn about how the var ious f i n e  s t r u c t u r e  sub- 

states of the 23P l e v e l  a r e  populated by t h e  e l e c t r o n  impact. 

results so obtained w i l l  be r e l a t e d  t o  t he  well  known anomaly i n  

If a 
1 

The 

the p o l a r i z a t i o n  of l i g h t  emitted a f t e r  e l e c t r o n  impact. 

* Work supported i n  p a r t  by the National Aeronautics and Space 
Administration, 

1. L.S. Frost and A,V, Phelps, TJestinghouse Research Report 
6-94439-6-R3. 

2. S i r  Harr ie  Massey a i d  B.1,. Mo5.seiwitsch, Proc. Roy, SOC, ~ 2 5 8 ,  
147 (1960). 
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. .  :. ' ABSTFLACT submitted t o  the  New York APS Neeting, January, 1965, 

F a s t  H(2S) Production by Charge Exchange i n  He Gas,* 
/ 

Janies E, Bayfield and Robert Kkotkov 

Yale University,  

A beam of fast p o s i t i v e  ions acce le ra t ed  from a radiofrequency 

hydrogen discharge i s  passed through 3 t o  100 micron c m  of  H2 gas. 

Any 2s s t a t e  hydrogen atoms contained i n  the  r e s u l t a n t  beam emerging 

from t h e  gas c e l l  a r e  e l e c t r o s t a t i c a l l y  quenched and the  r e s u l t a n t  

Lyman alpha photons a r e  detected,  

mately 5 out  of every 1000 o f  the fast n e u t r a l  p a r t i c l e s  formed by 

A t  low gas c e l l  p ressures  approxi- 

charge pickup i n  t h e  gas a r e  found t o  be i n  the 2s metastable s t a t e ,  

The c ross  s e c t i o n  for t h i s  charge-exchange process is found t o  r i s e  
- 4 

02 
from 0.018 A p e r  gas atom f o r  i nc iden t  fast  ions  of energy 7 keV 

t o  6,024 g2 per gas atom a t  21 keV, 

c ross  s e c t i o n s  a r e  thought t o  be r e l i a b l e  t o  wi th in  a f a c t o r  of 

The absolu te  values of  t hese  

th ree ,  If the  p l a u s i b l e  assumption were made that  a t  l e a s t  half 

the i o n  beam were protons, then o u r  r e s u l t  would be that  t h e  c r o s s  

s e c t i o n  f o r  production of fast  H(2S) atoms by protons inc iden t  on 

H2 gas i s  less than ,036 A a t  7 lceV and ,048 A 
02 O 2  a t  21 IceV, 

* Work supported ' i n  p a r t  by the National Aeronautics and Space 

Administration, 
?- 
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' PART I Electron-Atom Sca t t e r ing  Cross Sect ions Using Atomic Beam 

(R. Krotkov and H. Holt)  
- - 

Techniques 

Resul t s  obtained i n  t h i s  experiment have been repor ted  a t  

the 1965 N e w  York meeting of the American Physical  Society. '  An 

abstract of the ta lk  de l ivered  there i s  included with t h i s  progress 

r e p o r t .  

The r e s u l t s  obtained may be summarized as follows: 
1 1, The c ross  sec t ion  f o r  t h e  process  e- + H e ( 1  So) -+ 

He(2 So) + e- has been measured f o r  e l e c t r o n  energ ies  from thres- 

hold (20.6 v o l t s )  t o  about 2 v o l t s  above threshold,  and the r e s u l t s  

1 

are shown i n  F igure  1. This  I s  t h e  first d i r e c t  measurement of 

t h i s  c ros s  sec t ion  i n  t h i s  energy range, and the r e s u l t s  may be 

compared with c a l c u l a t i o n s  by Massey and Moiseiwitsch2 and by 

M a r ~ i o t t . ~  There i s  agreement t o  within a f a c t o r  2, the t h e o r e t i -  

c a l  ca l cu la t ions  tending t o  p r e d i c t  c ros s  sec t ions  which are 

greater than the measured values.  

2 .  The c ross  sec t ions  f o r  the  process  e- + He(llS,) + 
3 He(2 P) + e- has been measured f o r  energ ies  from threshold  t o  about 

2 v o l t s  above threshold  and t h e  r e s u l t s  are shown i n  Figure 2 .  

These experimental  r e s u l t s  are s i g n i f i c a n t l y  smaller (by as much 

as a f a c t o r  2) than the t h e o r e t i c a l  p red ic t ions  of Massey and 

Moiseiwitsch, and are i n  rough agreement with an estimate of t h e  

c ros s  sec t ion  der ived by Frost and Phelps' through an i n d i r e c t  

4 

method. 

3. A measurement has been made of the d i f f e rence  i n  

populat ion between the  rn = 0 a n d i m / =  1 magnetic s u b s t a t e s  of the 

2 S1 metastable state,  when t h i s  s ta te  i s  populated by cascade 3 
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* . f r o =  the  Z3P state (which is itself Fade by e l e c t r m  bmbardment). 

The measurements extend from threshold t o  approximately two v o l t s  

above threshold,  and are c lose ly  related t o  the well-known anomaly 

i n  the p o l a r i z a t i o n  of c o l l i s i o n  l i g h t ,  which has been discussed 

by many au thors .  

y i e l d  a population d i f fe rence  which i s  an approximately constant  

f r a c t i o n  of the 2 P c ros s  sec t ion .  T h i s  f r a c t i o n  i s  about a f a c t o r  5 

lower than the  expected value a t  threshold.  T h i s  i s  i n  q u a l i t a t i v e  

agreement with the r e s u l t s  obtained i n  the o p t i c a l  experiments on 

c o l l i s i o n  l i g h t  and tends t o  confirm the ex is tence  of an apparent 

anomaly, a t  l e a s t  when t h e  experiments are done with an e lec t ron  

energy r e s o l u t i o n  of about half a v o l t .  

6 Over the  2 vo l t  energy range, our measurements 

3 

Although the experiment has been s u b s t a n t i a l l y  completed, 

a number of p o i n t s  remain to be examined more c a r e f u l l y ,  and 

f u r t h e r  measurements are i n  progress on pressure  e f f e c t s  and on 

the dependence of the 2 S s igna l  on appl ied e l e c t r i c  f i e l d s .  It 

i s  no t  expected that the  r e s u l t s  described above 1111 be a f f e c t e d  

1 
1 

i n  any important way. 

PART I1 Charge Exchange Cross Sect ions (J,E. Bayfield and I 

R .  Krotkov) 

11. 1. In t roduct ion  

Since the l a s t  progress  r epor t ,  research  has continued on the 

measurement of c ros s  sec t ions  f o r  various processes  occurr ing when 

protons pass  through molecular hydrogen gas. Some of the r e s u l t s  

have been repor ted  a t  the N e w  York m e t i n g  of the A p s e 7  A copy 
of t he  a b s t r a c t  i s  included w i t h  t h i s  progress  r e p o r t .  



'. 
. .  , . .. 

.. ,~ 

-3- 
+ . .  

. 2 +  The charge excbamge process  fc?r the sys tem II (fast)+. :: 
Ho(fast)+ slow products has been ex tens ive ly  s tud ied  by many 

au tho r s  a t  proton energ ies  in the range 1 t o  50 k e ~ . ~  U n t i l  

r e c e n t l y  the d i s t r i b u t i o n  of the r e a c t i o n  products i n  t h e i r  var ious 

energy states has not  been s tudied .  Our i n t e r e s t  l i e s  i n  the  

var ious  exc i ted  s t a t e s  of t h e  f a s t  atomic hydrogen beam produced 

by charge exchange. There i s  reason t o  expect that  targets o t h e r  

than hydrogen gas might lead t o  i n t e n s e  beams of c e r t a i n  exc i t ed  

states, but  so  far  we have used molecular hydrogen only.  The 

e x c i t e d  states of i n t e r e s t  have been the  2s metastable state and 

highly exc i t ed  s t a t e s  with p r i n c i p a l  quantum numbers i n  the  range 

n = 7 t o  n = 30. Charge exchange processes  leading t o  these  

states have a l s o  been s tud ied  by o t h e r  but the  measure- 

ments have been much less extensive than those reviewed i n  r e f -  

erence 8. 

Our i n t e r e s t  i n  production of exc i ted  s t a t e s  a r i s e s  from 

two sources:  First, t hese  a r e  produced i n  i n t e r a c t i o n s  between 

simple systems so that t h e  r e s u l t s  can, i n  p r i n c i p l e ,  be calcul- 

a t e d  and compared with experiment. Second, an in t ense  beam of 

metastable  hydrogen atoms i s  of p a r t i c u l a r  i n t e r e s t  i n  that not  

only can the  c ros s  sec t ion  f o r  production be compared with a 

t h e o r e t i c a l  p red ic t ion ,  

spectroscopic  and o the r  s t u d i e s  no matter  how i t  is produced, 

provided only t h a t  i t  i s  s u f f i c i e n t l y  i n t e n s e .  I n  p a r t i c u l a r ,  

our  prel iminary measurement quoted i n  the  progress  r e p o r t  of 

August 1963 i n d i c a t e  t h a t  t he  metastable beam produced by passing 

fast protons through molecular hydrogen can be made a mi l l i on  times 

more i n t e n s e  than that used by Lamb i n  h i s  experiments on f i n e  

10 

10 but a l s o  such a beam can be used for 

11 
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s t r u c t u r e  of the n = 2 state of atomic hydrogen, including the 

Lamb s h i f t .  T h i s  beam will probably make i t  poss ib l e  t o  re-measure 

t h i s  f i n e  s t r u c t u r e  t o  an accuracy a t  l e a s t  as g r e a t  as, and 

probably g r e a t e r  than, t h a t  achieved by Lamb, and so poss ib ly  

obtained improved values of the  f i n e  s t r u c t u r e  constant  and of 

the Lamb s h i f t .  

11. 2.  H(2S) Metastable Production 

Research has continued on the y i e l d  of fast metastable 2s 

hydrogen atoms produced by charge exchange. Improved vacuum 

condi t ions  i n  the de tec t ion  chamlrsr have improved the peak 

metastable quenching s i g n a l  t o  background r a t i o  from 1.1 t o  30 ,  

Many tes t s  have been made t o  assure  us  t ha t  the s i g n a l  observed 

possesses  a l l  the  s p e c i a l  p rope r t i e s  of a t r u e  metastable s i g n a l .  

The s i g n a l  i s  propor t iona l  t o  i nc iden t  f a s t  proton c u r r e n t .  It 

i s  propor t iona l  t o  charge exchange gas c e l l  p ressure  f o r  low 

p res su res .  E l e c t r i c  quenching both before and i n  the de tec t ion  

region exhibits the proper exponential  behavior,  the exponent 

being proport ional  t o  the square of the quenching vol tage and 

inve r se ly  propor t iona l  t o  the  square r o o t  of the  k i n e t i c  energy 

of the fas t  metastables. The r e l a t i v e  y i e l d  of metastables a t  

a gas c e l l  pressure- length product p l  = 2022 micron Hg cm has 

been measured as a func t ion  of i nc iden t  proton energy from 7 t o  

2 1  kev. The r e s u l t  i s  shown i n  F i g ,  3 ,  T h i s  curve i s  t h e  rela- 

t i v e  metastable production c ross  s e c t i o n  curve i n s o f a r  as c o l l i s -  

i o n a l  metastable des t ruc t ion  i s  n e g l i g i b l e  a t  pl=20 micron -cm 

over the stated energy range. We are as y e t  no t  c e r t a i n  of t h i s ,  

and data w i l l  be taken a t  lower values of p l ,  where we are c e r t a i n  
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that  s i g n a l  i s  propor t iona l  t o  pressure a t  a l l  energ ies .  Several  

ways of improving our knowledge of the absolu te  c ros s  sec t ion  

are being t r i ed ,  Measurements using target gases o t h e r  than 

molecular hydrogen are planned. 

11. 3 .  Highly Excited S t a t e  Production 

Our i n t e r e s t  i n  highly exc i ted  states arises from ca lcu la t ions  

of Bu t l e r ,  Johnson and May,12 which p r e d i c t  a peak i n  the produc- 

t i o n  of such s ta tes  by charge exchange a t  a proton energy such 

that the inc iden t  proton and the atomic e l e c t r o n s  of the  gas 

molecules have approximately the same ve loc i ty  (i .e.  proton ener- 

g i e s  of about 20 kev) ,  

imental ly .  

We have looked f o r  t h i s  resonance exper- 

The apparatus  cons is ted  of a radio-frequency gas discharge 

proton source,  proton beam acce le ra t ion  e l ec t r ades ,  a gas-f i l led 

charge-exchange c e l l ,  a subsequent proton beam removal region, a 

d e t e c t o r  of highly exc i ted  s t a t e s ,  and a Faraday cup t o  measure 

the s t r e n g t h  of the  i n i t i a l  proton beam, 

used i n  the gas c e l l .  

i on iz ing  them and c o l l e c t i n g  t h e  r e s u l t i n g  f a s t  protons on a 

metal p l a t e  or i n  a Faraday cup. Two methods of i o n i z a t i o n  were 

used, f i r s t  by passing t h e  beam through a s t rong  e l e c t r i c  f i e l d  

d i r e c t e d  p a r a l l e l  t o  the beam p a r t i c l e s  ve loc i ty  ( e l e c t r o s t a t i c  

i o n i z a t i o n  experi$ent) and second, by passing t h e  beam t o  be 

analyzed through a t ransverse  magnetic f i e ld ,  i o n i z a t i o n  being 

accomplished by the r e s u l t i n g  Lorentz fo rce  ( m g n e t i c  i on iza t ion  

experiment).  

Molecular hydrogen was 

The h i g h l y  exc i t ed  a t o m s w r e  de tec ted  by 
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I n  the runs using e l e c t r o s t a t i c  i on iza t ion ,  t h e  cu r ren t  

of de tec ted  fast  protons amounted t o  

proton beam f o r  proton energies  - c 24 kev and e l e c t r i c  f i e l d s  

- d 180 - kv. The cu r ren t  of such fas t  protons as a funct ion of 

e l e c t r i c  ion iz ing  f i e l d  was as shown i n  F ig .  k ,  taken a t  12.5 kev 

0.6% of t h e  i n i t i a l  - 

cm 

inc iden t  proton beam energy I The bumps on t h i s  curve suggest 

t h a t  s ta tes  of ever  decreasing, neighboring p r i n c i p a l  quantum 

number are being ionized,  but t h i s  i n t e r p r e t a t i o n  has not  been 

f i rmly  established. For a f ixed  ion iz ing  e l e c t r i c  f i e l d  s t r e n g t h  

of 175+10 , the  y i e ld  of fas t  protons as a func t ion  of i n c i d e n t  

proton energy appeared t o  r i se  slowly over the energy range 8.5 

t o  24 kev, as shown i n  F ig .  5 .  T h i s  curve would be a measure of 

the energy dependence of t h e  highly exc i t ed  state y i e ld  a t  gas 

c e l l  parameters ~ 1 3 1 5 0  micron cm i n  the absence of excessive 

ion  focusing p r o p e r t i e s  of t he  ion iz ing  e l e c t r i c  f i e l d .  Although 

ion  defocusing i n  t h i s  f i e l d  i s  n o t  expected t o  have been se r ious ,  

t h i s  must be v e r i f i e d ,  and a t r ans l a t eab le  Faraday cup assembly 

has been made t o  determine the  angular  d i s t r i b u t i o n  of t h e  fas t  

ions  made i n  the ion iz ing  region. 

We can say that  the y i e l d  of fas t  protons as a func t ion  of 

i nc iden t  proton energy the  inc iden t  proton 

c u r r e n t .  This  i s  comparable i n  magnitude t o  r e s u l t s  by Futch and 
Damm 9 and SweetmanJ9 a t  inc ident  proton energ ies  much higher than 

that of the resonance predicted t h e o r e t i c a l l y .  

The fast  protons might presumably have been produced by 

c o l l i s i o n a l  s t r i p p i n g  of t h e  fas t  n e u t r a l  beam atoms by back- 

ground gas molecules. The background pressure  was 2 ~ l O - ~  T o r r  H2, 
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. the s t r i p p i n g  cross  sec t ion  over the energy range of i n t e r e s t  i s  
2 

6+2~10 -I7 

t o  s t r i p p i n g  i s  only 3x10'~ of the inc iden t  proton beam. 

only 10% o r  s o  of our f a s t  proton s i g n a l  from the e l e c t r i c  ion iz-  

i n g  reg ion  could have been due t o  c o l l i s i o n a l  s t r i p p i n g .  

/atom, and hence the expected number of protons due 

Thus 

Theore t ica l   calculation^^^ i n d i c a t e  t ha t  the e l e c t r i c  ioniza-  

t i o n  experiment was capable of de t ec t ing  hydrogen atoms wi th  

p r i n c i p l e  quantum numbers 9 4 n 615 with  loo$ e f f i c i ency ,  and 

156 11528 with reduced e f f i c i ency ,  

determined by the maximum ionizing f i e l d  ava i l ab le ,  while the 

upper l i m i t  was determined by the magnitude of the e l e c t r i c  f i e l d  

needed i n  the removal region i n  order  t o  completely s top  a l l  

primary fas t  protons from enter ing  the n e u t r a l  atom ion iza t ion  

region.  Reduced e f f i c i ency  f o r  the  larger  n values was due t o  

premature i o n i z a t i o n  and subsequent removal i n  t h e  primary proton 

removal f i e l d .  

The lower l i m i t  i n  n was 

I n  view of the instrumental  problem ind ica t ed  above f o r  the  

e l e c t r o s t a t i c  i on iza t ion  scheme f o r  de t ec t ing  fas t  h ighly  exc i ted  

n e u t r a l  hydrogen atoms, we performed an experiment using in s t ead ,  

the magnetic i o n i z a t i o n  scheme. The magnetic f i e l d  used had no 

focusing p rope r t i e s  of any important amount; fas t  protons produced 

i n  t h i s  f f e l d  t r ave led  i n  c i r c u l a r  paths  and were c o l l e c t e d  on a 

metal p l a t e  placed seve ra l  cm below the beam. Slow ions  and 

e l ec t rons  were removed by a small e l e c t r i c  f i e l d  directed sideways 

t o  the beam. 

I n  t h i s  experiment, t h e  cur ren t  of fast  protons poss ib ly  due 

t o  Lorentz ion iza t ion  of exc i ted  n e u t r a l s  amounted t o  3.5 1 
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1 . 0 ~ 1 0 ~ ~  of the inc ident  proton beam over the energy range 7.5 

t o  23 kev inc iden t  proton energy and was independent of energy 

t o  the uncer ta in ty  ind ica ted .  The magnetic f i e l d  used was 4400 

gauss,  which was s t rong  enough t o  ion ize  atoms w i t h  p r i n c i p a l  

quantum numbers n> , l5 .  On the  o the r  hand, atoms with p r i n c i p a l  

quantum numbers n 3 2 5  would have been ionized i n  the r e t a rd ing  

f i e l d  used t o  s top  t h e  r e s idua l  primary proton beam coming from 

the gas c e l l ,  and hence would never have been de tec ted .  Hence 

the experiment w a s  s e n s i t i v e  only t o  highly exc i t ed  atoms with 

155 n 525, and with e f f i c i ency  of 10% or perhaps somewhat less. 

If the observed cu r ren t  of fast  protons ind ica ted  above were 

e n t i r e l y  due t o  Lorentz ion iza t ion  atoms having p r i n c i p a l  quantum 

numbers i n  the range l 5 6 n  g25, the c ross  sec t ion  f o r  production 

of these would be 10'15cm2 . 
ex t r ac t ed  from t h i s  experiment, using the present  magnet. Actual ly  

the number of Lorentz ion izable  atoms might have been much less 

than ind ica ted ,  s ince  fas t  protons are a l s o  produced by c o l l i s i o n a l  

s t r i p p i n g .  It i s  estimated that t h e  number of fas t  protons so 

produced would be about equal t o  the number of fast  protons 

a c t u a l l y  seen. 

T h i s  i s  the most t ha t  can be r e l i a b l y  

I n  the  ca l cu la t ions  of But ler ,  Johnson and May," the c ros s  

sec t ion  f o r  production of exc i ted  states i n  the  range 1 0 L n  230 

r i s e s  by a f a c t o r  of 50 i n  the region of the  resonance, Th i s  i s  

a huge va r i a t ion ;  both of our experiments should have been capable 

of see ing  the e f f e c t s  of t h i s  use.  Hence it would appear that  

our  experimental  r e s u l t s  do not confirm the c a l c u l a t i o n s  of 

re ference  12 
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1 However, i t  should be emphasized tha t  i n  the  more re l iable  

magnetic experiment, the  background pressure was high enough 

that fas t  protons produced by s t r ipp ing  of fas t  n e u t r a l  beam 

atoms masked the s i g n a l  of Lorentz ionized atoms we desired t o  

see. Fundamentally t h e  same d i f f i c u l t y  plagued the e a r l i e r  

experiments on production of  n=2 metastable hydrogen atoms. 

E f fec t s  due t o  the background pressure i n  those experiments 

again tended t o  mask t h e  s igna l  wewre t r y i n g  t o  see,  

Af te r  completion or" the experiments on beams of h ighly  

exc i t ed  atoms descr ibed above, considerable  e f f o r t  and t i m e  were 

devoted t o  designing a charge exchange apparatus which would 

e l imina te  the background pressure problems and produce "clean" 

c ros s  sec t ion  measurements. This design has been completed and 

f u r t h e r  progress  awaits procurement of  t h i s  apparatus ,  which i s  

now on order .  

pumping t o  keep the pressure i n  the de tec t ion  region low, and a l s o  

inc ludes  an improved beam tube which should a l low u s  t o  go t o  

higher  proton energ ies  (up t o  50 kev) .  

beam from the ion  source i s  provided f o r .  

designed so that  the spectroscopic experiments on the n=2 s ta te  

of atomic hydrogen could be made on i t  by simply adding s u i t a b l e  

magnetic and r,f f i e l d  regions.  

experiment has been se t  up w i t h  the a i d  of an undergraduate a t  

Yale, M r .  D. E .  Oates, t o  measure the  c ros s  sec t ion  f o r  production 

of metastable hydrogen atoms i n  c o l l i s i o n s  between fast H atoms i n  

the ground state and var ious t a r g e t  gases. The apparatus  has been 

assembled and a beam obtained; measurements w i l l  commence very 

s h o r t l y .  

The new design incorporates  extensive d i f f e r e n t i a l  

Magnetic ana lys i s  of the  

The apparatus  i s  also 

While awai t ing de l ivery ,  a n  
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PART III Polarized Electrons (W. Raith, R. Long, V.W= Hughes) 

Progress on this experiment w i l l  be summarized in a paper 

t o  be presented at the I V t h  International Conference on the 

Physics of Electronic and Atomic Collisions, t o  be held August 

2-6 at Universite Laval, Quebec, Canada. An abstract of this 

Paper is enclosed. Mr. Robert Long's Ph,D. thesis research was 

done on this experiment and has now been completed, 

/ 
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* 
Polarized Electrons from a Polarized Atomic Beam 

W. RAITH, R,L, LONG, JR., VOWo HUGHES and M, POSNER 
Gibbs Laboratory, Yale Universi ty  

Introduct ion:  A source of low energy polar ized  e l ec t rons  with 

narrow energy d i s t r i b u t i o n  w i l l  be u se fu l  f o r  the s tudy o f  spin- 

dependent electron-atom in t e rac t ions .  Some poss ib le  experiments 

with polar ized  e l ec t rons  include resonant e l a s t i c  s c a t t e r i n g  from 

noble gas atoms’ t o  s tudy  t h e  sp in-orb i t  i n t e r a c t i o n  and s c a t t e r i n g  
_ _  

from polar ized  beams of hydrogen o r  o ther  atoms t o  study separately thL 

s i n g l e t  and t r i p l e t  s c a t t e r i n g  parameters. 

ducing polar ized  e lec t rons ,  other  than  by beta-decay o r  Mott s c a t t e r -  

ing,  have been inves t iga ted .  The experiment w e  r e p o r t  involves the 

product ion o f  po lar ized  e l ec t rons  through the photoionizat ion of  a 

polar ized  atomic bema2 The main purpose of our experiment was t o  

s tudy  t h i s  method of producing polar ized e l e c t r o n s  r a t h e r  than t o  

maximize the cu r ren t  and polar iza t ion .  

Various methods f o r  pro- 

The t h e o r e t i c a l l y  expected 

e l e c t r o n  p o l a r i z a t i o n  was obtained a f te r  two unant ic ipated depolar iza-  

t i o n  effects  were eliminated, 

The M e t h ~ d : ~  

magnetic f i e l d  

(mJ = magnetic quantum number f o r  e l e c t r o n i c  angular  momentum). 

these atoms having a p o l a r i z a t i o n  Pa c lose  t o  u n i t y  e n t e r  the photo- 

i o n i z a t i o n  reg ion  w i t h  the  magnetic f i e l d  Ho along t h e  a x i s  of propa- 

ga t ion ,  The atoms change a d i a b a t i c a l l y  i n t o  the  lower f i e l d  states 

c h a r a c t e r i s t i c  of Ho where the e l e c t r o n i c  p o l a r i z a t i o n  P=f(Ho)*Pa i s  

By d e f l e c t i o n  i n  a s t rong  inhomogeneous six-pole 

ground s ta te  a l k a l i  atoms with mJ = +1/2 are se l ec t ed  

Then 

4 
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se of  the h f s  coupling of the e l e c t r o n i c  sp in  

Photoionization i s  predomin- and the nuclear s p i n  (see Figure 1). 

a n t l y  an e l e c t r i c  d ipole  t r a n s i t i o n  and e s p e c i a l l y  f o r  l i g h t  a lkal i  

atoms no important spin-orbi t  i n t e r a c t i o n  i n  the  f i n a l  s ta te  should 

O C C U T , ~  s o  that the po la r i za t ion  of the  photoelectrons should equal 

the e l e c t r o n i c  p o l a r i z a t i o n  P of  t h e  atoms. Potassium was chosen 

as the alkali  atom because of i t s  r e l a t i v e l y  small hfs  i n t e r a c t i o n  

and r e l a t i v e l y  low photoionizat ion threshold energy corresponding 

t o  ,A = 2856AO. 

Descript ion of the  Apparatus: 

shown i n  Fig. 2. 

a peak f i e l d  a t  t h e  pole face  o f  about gOOOG, a gap diameter of 1/8" 

and a l eng th  of 7".  

a r c  ( O a r a m  HBO 200W). 

mirror  and a diagonal mirror i n  t he  i o n i z a t i o n  reg ion  which c o n s i s t s  

of two c y l i n d r i c a l  e lec t rodes  r r i t k  a s u i t a b l e  bias voltage between 

them and w i t h  both e lec t rodes  a t  a p o t e n t i a l  of -120 kV, which was 

required f o r  the ana lys i s  of the e l e c t r o n  po la r i za t ion ,  The axial  

magnetic f i e l d  i n  t h i s  reg ion  i s  gOG, and the focusing p rope r t i e s  

of the  e l e c t r i c  and magnetic f ie lds  serve t o  d iscr imina te  aga ins t  

a l l  photoelectrons emitted froin the e lec t rodes .  

p o l a r i z a t i o n  was determined by Mott s c a t t e r i n g  f rom gold a f t e r  the 

long i tud ina l  e l e c t r o n  p o l a r i z a t i o n  was converted i n t o  t ransverse  

p o l a r i z a t i o n  by an  e l e c t r o s t a t i c  d e f l e c t o r .  

The polar ized  e l e c t r o n  source i s  

The six-pole magnet i s  a permanent magnet with 

The l i g h t  source i s  a mercury high-pressure 

The a r c  image i s  formed with a sphe r i ca l  

The e l e c t r o n  

6 



Results : The first polarization measurements showed a rapid 

decrease of the electron polarization with increase of olren tempera- 

ture. This effect was due to photoelectrons from K2 molecules in 

the beam.' In 

increases with 

of 1.3~10-~ to 

600 to 65OoK. 

small fraction 

saturated potassium vapor the molecular fraction 

temperature; atomic beam measurements gave fractions 

~ . O X ~ O - ~  in the temperature range of interest from 

The large contribution of photoelectrons from this 

of molecules is partially explained by the large 

8 

photoabsorption cross section of IC2.' 

tion potential of K2 may be smaller than that of the K atom so that 

more photons from the light source may be able to ionize the mole- 

and in addition the ioniza- 

cules. 

ciation of' the molecules in a long tube attached to the oven exit 

and heated to about 1000~~. 

The K2 content in the beam was eliminated by thermal disso- 

Even with the K2 content in the beam eliminated the measured 

electron polarization was smaller than the theoretical value by 

about 11%. 

produced in a two-step photoionization process of K in which the 

We found that this discrepancy was due to photoelectrons 
- 

first step is that from 4s to 5 P  and the second step is that from 5P  

to the continuum. The first step is very probable because the wave- 

lengths for the 4s -,5P transition are 4045 and 4048A and these 

coincide with an intense line of the mercury high-pressure arc; the 

- 

d 

second transition can be induced by photons with wavelengths shorter 

than 9700 A. Photoelectrons produced by this two-step process have 
0 

a smaller polarization due to depolarization caused by the fine 

structure interaction in the 5 P  state. Photoelectrons from the two- 

step photoionization process were eliminated by using a nickel sulfate 



s o l u t i o n  f i l t e r i 0  which does not  t ransmi t  t he  resonance l i n e .  

measured e l e c t r o n  p o l a r i z a t i o n  rias PmeaS = 0.58 rtO.03 where the  

s t a t e d  e r r o r  i s  the  s t a t i s t i c a l  counting e r r o r  of one standard devia- 

The 

t i on .  

where t h e  stated e r r o r  i s  due t o  measurement and inhomogeneity of 

the magnetic f i e ld  i n  the ion iz ing  region. 

Th i s  value agrees  with the t h e o r e t i c a l  value of ~=0.56 k0.02 

The maximum cur ren t  of polar ized e l ec t rons  obtained was l0"l2A 
- 

6 o r  6x10 electrons/sec.  This  value corresponded t o  a f lux  of po1axb-- 

i zed  K atoms i n  the  ionizat ion_-region of 1 .2~10  

i o n i z a t i o n  p r o b a b i l i t y  of 5x10n8. 

rough c a l c u l a t i o n  based on lamp data, photoionizat ion c r o s s  s ec t ion ,  

atomic ve loc i ty  and geometry. 

14 /sec and a photo- 

The la t te r  figure agrees  w i t h  a 

Both the  achieved e l e c t r o n  p o l a r i z a t i o n  and the cu r ren t  are not  

Since the  r e p r e s e n t a t i v e  of t he  u l t imate  c a p a c i t i e s  of t h i s  method. 

p o l a r i z a t i o n  obtained w i t h  the r a t h e r  low i o n i z e r  f i e l d  o f  90G agrees  

w i t h  the t h e o r e t i c a l  value, a higher f i e ld  of about 400G can confi-  

den t ly  be expected t o  y i e l d  a p o l a r i z a t i o n  of 0.95 (c f .  Fig. 1). 

Increase i n  beam i n t e n s i t y  can be expected with the use o f  d i f f e r e n t  

l i g h t  sources or o the r  a lkal i  atoms. U t i l i z a t i o n  of t he  two-step 

photo ioniza t ion  process together  with polar ized  l i g h t  appears 
11 promising. The use of a j e t  atomic beam can be considered. 

The energy d i s t r i b u t i o n  of t he  e l e c t r o n s  was not  measured i n  

our  experiment and no attempt was made t o  minimize the p o t e n t i a l  

g rad ien t  i n  the  i o n i z a t i o n  region. However, the only fundamental 

* l i m i t  t o  achieving a small energy spread i s  that  due t o  t h e  energy 

d i s t r i b u t i o n  of t h e  photons, 



I .  Figure Captions 

6 Fig. 1. Calculated func t ion  f ( H o )  v s  magnetic f i e l d  Ho f o r  L i  
and K39. 

Fig. 2. Cross s e c t i o n  of  the  apparatus f o r  production o f  po lar ized  
e lec t rons .  
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